Bigeye (Thunnus obesus) is a large, pelagic, and migratory species of tuna that inhabits tropical and temperate marine waters worldwide. Previous studies based on mitochondrial RFLP data have shown that bigeye tunas from the Atlantic Ocean are the most interesting from a genetic point of view. Two highly divergent mitochondrial haplotype clades (I and II) coexist in the Atlantic Ocean. One is almost exclusive of the Atlantic Ocean whereas the other is also found in the Indo-PaciWc Ocean. Bigeye tuna from the Atlantic Ocean is currently managed as a single stock, although this assumption remains untested at the genetic level. Therefore, genetic diversity was determined at the mitochondrial control region to test the null hypothesis of no population structure in bigeye tuna from the Atlantic Ocean. A total of 331 specimens were sampled from four locations in the Atlantic Ocean (Canada, Azores, Canary Islands, and Gulf of Guinea), and one in the Indian and PaciWc Oceans, respectively. The reconstructed neighbor-joining phylogeny conWrmed the presence of Clades I and II throughout the Atlantic Ocean. No apparent latitudinal gradient of the proportions of both clades in the diVerent collection sites was observed. Hierarchical AMOVA tests and pairwise ST comparisons involving Atlantic Ocean Clades I and II were consistent with a single stock of bigeye tuna in the Atlantic Ocean. Population genetic analyses considering phylogroups independently supported gene Xow within Clade II throughout the Atlantic Ocean, and within Clade I between Atlantic and Indo-PaciWc Oceans. The latter result suggests present uni-directional gene Xow from the Indo-PaciWc into the Atlantic Ocean. Moreover, mismatch analyses dated divergence of Clades I and II during the Pleistocene, as previously proposed. In addition, migration rates were estimated using coalescent methods, and showed a net migration from Atlantic Ocean feeding grounds towards the Gulf of Guinea, the best-known spawning ground of Atlantic bigeye tuna.
Introduction
The great capability for long distance migration, the cosmopolitan geographic distribution, and the large eVective population sizes of predatory pelagic marine Wshes, together with the apparent absence of physical barriers to dispersal in the ocean predict panmixia (e.g., Palumbi, 1994 ). Yet, recent phylogeographic studies on scombroids and other highly migrating marine Wshes (Alvarado Bremer et al., 2005; Buonnacorsi et al., 2001; Carlsson et al., 2004; Castillo et al., 2004; Graves and McDowell, 2003; Viñas et al., 2004a,b) convincingly show the existence of genetic structure. In some cases, present-day diVerences in ecology, behavior, and selfrecruitment seem to be the mechanisms underlying genetic diVerentiation (Carlsson et al., 2004; Castillo et al., 2004; Reeb et al., 2000; Viñas et al., 2004b; Zardoya et al., 2004) whereas in others, signiWcant genetic divergences in mitochondrial sequence data are apparently related with vicariance associated to Pleistocene glacial cycles (Alvarado Bremer et al., 1996 Buonnacorsi et al., 2001; Chow et al., 2000; Finnerty and Block, 1992; Graves and McDowell, 1995; Graves and McDowell, 2003; Lecomte et al., 2004; Viñas et al., 2004a) . Detecting genetic structure is crucial to establish appropriate Wshery management stocks, and recent advances in population genetic (ExcoYer et al., 1992) and historical demographic analyses (Fu, 1997; Rogers and Harpending, 1992; Slatkin and Hudson, 1991) can be very helpful in providing valuable and complementary information to catch and age composition data (Pauly et al., 2002) .
Bigeye (Thunnus obesus Lowe, 1839) is a large, pelagic, and predatory tuna species inhabiting tropical and temperate waters between 50°N and 45°S (except in the Mediterranean). Bigeye tunas spawn exclusively around 15°N-15°S (Collette and Nauen, 1983) , and the Gulf of Guinea in the Atlantic Ocean is their best-known breeding and nursery area (Alvarado Bremer et al., 1998) . Young bigeye tunas (smaller than 70-80 cm) tend to school with small yellowWn and skipjack tunas in shallow warm equatorial waters (Fonteneau et al., 2005) . Catch and tagging data indicate that juveniles, as they grow, migrate into Northern and Southern Atlantic Ocean temperate feeding grounds (Fonteneau et al., 2005) . Mature adults (around 110 cm; Pereira, 1987) of bigeye tuna live in deep cold waters, and migrate back to the Gulf of Guinea during the spawning season. Although tagging data from the eastern PaciWc Ocean indicate regional Wdelity for bigeye tuna (Schaefer and Fuller, 2005) , it is still elusive whether adults after spawning in the Gulf of Guinea may show philopatric behavior.
Bigeye is currently considered the most valuable species of tuna due to the large number of individuals (300,000 tons per year) that are sold at high prices (over $10/kg) on the Japanese sashimi market (Fonteneau et al., 2005) . Until the early1990s bigeye tunas were moderately Wshed (Fonteneau et al., 2005) , but a rapid increase of total annual catches has since been recorded, and there are serious concerns that the species may be overexploited worldwide (Fonteneau et al., 2005) . Bigeye tunas from the Atlantic, PaciWc, and Indian Oceans are each considered single stocks, and they are managed independently by three main international commissions, the ICCAT (International Commission for the Conservation of Atlantic Tuna), the IATTC (Inter-American Tropical Tuna Commission), and the IOTC (Indian Ocean Tuna Commission), respectively. In agreement with this policy, population genetic studies based on restriction fragment length polymorphism (RFLP) analyses of the mitochondrial ATCO (ATPase6-COIII) region, and on microsatellites revealed no internal structuring within the PaciWc (Grewe and Hampton, 1998) and Indian (Appleyard et al., 2002) Oceans, respectively. Thus far, however, the null hypothesis of a single stock within the Atlantic Ocean remains untested (Alvarado Bremer et al., 1998 ). Yet, up to three diVerent regions (North, Central, and South) are often deWned in stock assessment studies of bigeye tuna in the Atlantic Ocean (Miyabe et al., 2005) .
Phylogenetic analysis of mitochondrial DNA control region supported the existence of two groups, Clade I that occurred both in the Atlantic and Indo-PaciWc Oceans, and Clade II that was mainly restricted to the Atlantic Ocean (Alvarado Bremer et al., 1998) . The presence of these two clades was further conWrmed based on RFLP analyses of diVerent mitochondrial gene fragments, (Chow et al., 2000) and a barrier to gene Xow around South Africa was proposed (Alvarado Bremer et al., 1998; Chow et al., 2000) . During glacial maxima, seasonal migration of bigeye tunas across the Cape of Good Hope was likely interrupted, and secondary contact was later re-established in the inter-glacial period (Alvarado Bremer et al., 1998; Buonnacorsi et al., 2001; Chow et al., 2000; Finnerty and Block, 1992; Graves and McDowell, 1995) . Yet, it is not well-established whether there is a present lack of gene Xow between the Atlantic and Indo-PaciWc Oceans (Chow et al., 2000) or some uni-directional gene Xow from the Indo-PaciWc Ocean into the Atlantic Ocean (Alvarado Bremer et al., 1998; Buonnacorsi et al., 2001) . These competing hypotheses need to be tested using appropriate population genetic statistics (i.e., AMOVA, ST , coalescence methods).
We examined genetic variability of bigeye tuna in the Atlantic Ocean using mitochondrial control region sequence data because this marker has been shown to be particularly sensitive in detecting population genetic structure of marine migrating and predatory Wsh (Buonnacorsi et al., 2001) . Phylogenetic analyses and statistical comparisons among four Atlantic Ocean samplings along a geographic cline were used (1) to conWrm the existence of two diVerent mitochondrial clades throughout the Atlantic Ocean, (2) to determine whether the two mitochondrial clades show any distinct phylogeographical structuring, and (3) to test the null hypothesis of a single stock of bigeye tuna in the Atlantic Ocean. In addition, diVerent year replicate collections in two of the Atlantic Ocean sites were used to test temporal stability of haplotype frequencies (Buonnacorsi et al., 2001) . Moreover, one population from the Indian Ocean and one from the PaciWc Ocean were analyzed to discern among competing hypotheses regarding present gene Xow between Atlantic and Indo-PaciWc Oceans. In particular, the null hypothesis of homogeneity of Clade I across oceans was tested using appropriate population genetic statistics. Finally, historical demographic analyses were performed to test the hypothesis that Pleistocene glacial cycles had a major inXuence in the origin of Clades I and II.
Materials and methods

Sampling
Determining population genetic structure of marine large pelagic scombroid Wsh species is particularly challenging because sampling strategy needs to take into account their wide distribution, large population sizes, migratory behaviour, and high capacity of dispersal (Carlsson et al., 2004; Viñas et al., 2004b; Zardoya et al., 2004) . Our study was centered in the Atlantic Ocean, and localities were chosen to ensure a thorough geographical coverage (unfortunately we were not able to obtain samples from the Southern temperate feeding grounds Table  1 . Both adult and juvenile classes can be found at the Gulf of Guinea. Our collections included exclusively juveniles (Table 1) . Moreover, size composition of temporal replicates was homogeneous. Samples were stored either in absolute ethanol or frozen at ¡20°C.
DNA extraction, PCR ampliWcation, and automated sequencing
Total DNA was isolated from muscle tissue. Each sample was homogenized overnight at 55°C in extraction buVer (EDTA 0.1 M, Tris-HCl, pH 8.0, 0.05 M SDS 1%, and Proteinase K 0.2 mg/ml), and DNA was puriWed using a standard phenol/chloroform extraction followed by an ethanol precipitation. PCR ampliWcation of the 5Ј-end of the mitochondrial control region (D-loop) was achieved using the following proWle: a single cycle of 5 min at 94°C, followed by 35 cycles of 1 min at 94°C, 1 min at 50°C, and 1 min at 72°C, with a Wnal cycle of 5 min at 72°C. PCR primers were L-Pro1 5Ј-AC TCTCACCCCTAGCTCCCAAG-3Ј and H-DL 1 5Ј-CCTGAAGTAGGAACCAGATGCCAG-3Ј (Ostellari et al., 1996) . PCR products were puriWed by ethanol precipitation, and sequenced using the primer L-Pro 1 and the BygDye Terminator Sequencing Ready Reaction v3.0 kit (Applied Biosystems) following manufacturer's instructions in an ABI 3700 automated sequencer. The new sequences were deposited in GenBank under the Accession Nos. DQ126342¡DQ126676. (Nei, 1987) ; k, mean pairwise nucleotide diVerences (Tajima, 1983) , , nucleotide diversity (Nei, 1987) , , expected heterozygosity per site (Watterson, 1975) . Population 
Phylogenetic, population genetic, and demographic analyses
Alignment of nucleotide sequences was performed using Clustal X v1.83 (Thompson et al., 1997) , and further revised by eye. Gaps resulting from the alignment were excluded from phylogenetic analyses. The data set was subjected to the neighbour-joining (NJ) method (Saitou and Nei, 1987) of phylogenetic inference. NJ analyses were carried out with PAUP v4.0b10 (SwoVord, 1998) . The Akaike information criterion (AIC) implemented in Modeltest v3.6 (Posada and Crandall, 1998) was used to select the evolutionary model that best Wt the empirical data set. The inferred evolutionary model and parameters were used to estimate maximum likelihood distances. Robustness of the resulting tree was tested with bootstrapping (Felsenstein, 1985) .
Control region haplotypes AAA1 and BAB from the Indo-PaciWc Ocean, and BBB2 from the Atlantic Ocean were employed as representatives of the clades observed by Alvarado Bremer et al. (1998) . Two mitochondrial control region sequences of bigeye tuna found in GenBank (AF095705¡AF095706) were also included in the phylogenetic analyses. Homologous sequences of T. thynnus (Alvarado Bremer et al., 1998 ; AF390405), of T. maccoyii (Alvarado Bremer et al., 1998) , and of T. albacares (AF301203) were used as outgroups.
Population genetic analyses were performed using Arlequin 2001 (Schneider et al., 2000) and DnaSP 4.0 (Rozas et al., 2003) based on mitochondrial control region sequence data. Descriptive statistics such as the number of polymorphic sites (S), haplotype diversity (H d ; Nei, 1987) , nucleotide diversity ( ; Nei, 1987) , and the average number of pairwise nucleotide diVerences (k; Tajima, 1983) were determined for each geographic population. The inter-haplotype levels of divergence were estimated using the Wxation index ST (ExcoYer et al., 1992) , which includes information on mitochondrial haplotype frequency (Weir and Cockerham, 1984) , and genetic distances (Tamura-Nei; Tamura and Nei, 1993 with gamma correction; TrN93+ ). SigniWcance of pairwise population comparisons was tested by 20,000 permutations. An analysis of molecular variance (AMOVA) was used to examine the amount of genetic variability partitioned within and among populations (ExcoYer et al., 1992) . AMOVA tests were organized in a hierarchical manner so that population structure was studied at increments of increasing spatial scale, which range from structure within and among diVerent populations to an entire metapopulation concept. Permutation procedures (N D 20,000) were used to construct null distributions, and test the signiWcance of variance components for each hierarchical comparison (Guo and Thompson, 1992) . In all instances with multiple tests, p values were adjusted using the sequential Bonferroni correction (Rice, 1989) . The nearest-neighbour S nn statistic (Hudson, 2000) was estimated using DnaSP 4.0 (Rozas et al., 2003) . This statistic measures population diVerentiation by testing whether low divergent sequences are from the same location, and it is particularly useful when populations show high levels of haplotype diversity.
The entire mitochondrial control region data set and the two phylogroups (Clades I and II) revealed from the phylogenetic analysis were tested against constant population size and sudden population expansion models using the mismatch distribution (Rogers and Harpending, 1992; Schneider and ExcoYer, 1999; Slatkin and Hudson, 1991) as implemented in Arlequin 2001 (Schneider et al., 2000) and DnaSP 4.0 (Rozas et al., 2003) . This analysis compares the distribution of the frequency of pairs of individuals who diVer by a certain number of nucleotide diVerences. The pattern of pairwise diVerences between haplotypes usually forms a unimodal wave in samples from expanding populations, whereas samples drawn from populations at demographic equilibrium yield a multimodal pattern of numerous sharp peaks (Rogers and Harpending, 1992; Schneider and ExcoYer, 1999; Slatkin and Hudson, 1991) . The validity of the assumed stepwise expansion model was tested with a parametric bootstrapping approach (1000 permutations). Deviations from the sudden population expansion model were further tested using the Harpending's raggedness index (Hri; Harpending, 1994) . To test for deviations from neutrality (as would be expected under population expansion) we used Tajima's D (Tajima, 1989 ) and Fu's F s (Fu, 1997) tests as implemented in NeutralityTest v1.1 (Fu, 1997) and DnaSP 4.0 (Rozas et al., 2003) , respectively. Recently, Ramos-Onsins and Rozas (2002) showed that Fu's F s test outperforms other tests in detecting population growth for large sample sizes.
In addition, we used coalescence-based Markov chain Monte Carlo (MCMC) methods implemented in Migrate v1.7.3 (Beerli, 2002; Beerli and Felsenstein, 1999) to estimate the products of eVective female population size and mutation rate (N e(f) ), and eVective female population size and migration rate (N e(f) m) based on mitochondrial control region sequence data. F ST estimates of eVective population sizes and migration rates were used as initial values. A MCMC run consisted of ten short and three long chains with 10,000 and 100,000 genealogies, respectively, and after discarding the Wrst 10,000 genealogies (burn-in). One of every 100 reconstructed genealogies was sampled. The run was repeated Wve times to verify consistency of results, and estimates are the average of the Wve runs.
Results
Genetic variation
Genetic analyses were conducted on 335 individuals (Table 1) . Four individuals initially identiWed as bigeye tuna where found to be yellowWn tuna because their sequences grouped with those of Thunnus albacares in the phylogenetic analyses (see below). Presence of both species within single captures is rather frequent because they share ecology (particularly when they are young) and distribution ranges (Fonteneau et al., 2005) . These samples were excluded from further analyses.
Mitochondrial control region sequence data of 258 individuals (Guinea, Azores, Canary, Canada, Indian, and PaciWc) produced an initial alignment of 397 bp, which was reduced to 338 positions after gap exclusion. A total of 118 sites were polymorphic, 26 were singleton variable sites, and 92 were parsimony-informative. Polymorphic sites deWned a total of 222 diVerent haplotypes. Overall haplotype diversity was high (0.999). A total of 194 haplotypes were unique, and the most abundant haplotype was found in four specimens (one from each Atlantic Ocean population). The overall nucleotide diversity, and the average number of pairwise nucleotide diVerences were 0.054 and 18.17, respectively. Population genetic statistics are listed in Table 1 .
Phylogenetic relationships
The Akaike information criterion selected Fig. 1 . Most bigeye tuna haplotypes are grouped into two highly divergent clades, which correspond to clades I and II of Alvarado Bremer et al. (1998) . Clade I included individuals from all analyzed oceans whereas clade II was restricted exclusively to the Atlantic Ocean, and comprised 70% of Atlantic individuals (Fig. 1) . The latter clade showed a high statistical support (89% bootstrap value). Within each clade, phylogenetic relationships lacked bootstrap support, and no apparent relationship between haplotypes from the same geographic area was detected. In all collections (but particularly in the Indian and PaciWc Ocean samples), several individuals (including BAB from Alvarado Bremer et al., 1998) could not be conWdently recovered within Clades I or II. The proportions in the diVerent collection sites of Clades I and II are shown in Fig. 2 . No apparent latitudinal gradient of the proportion of clades is observed in the Atlantic Ocean. Population genetic statistics of each clade are very similar (Table 2) . Mean pairwise uncorrected p distances between bigeye tuna, and outgroups and yellowWn tuna are 0.11 § 0.01 and 0.09 § 0.01, respectively. Mean pairwise uncorrected p distance between Clades I and II is 0.07 § 0.01. Both within-clade mean pairwise uncorrected p distances are 0.03 § 0.01.
Population structuring
The best-Wt evolutionary model is not implemented in Arlequin 2000. Therefore, we used the second best Wt model i.e., TrN93 (Tamura and Nei, 1993) (Table 3) .
Pairwise ST comparisons of Guinea 1 and Guinea 2 as well as Canary 1 and Canary 2 populations were not signiWcant (not shown). Hence, genetic variation in the same location was found to be stable through time given that size (age) composition of the samples was homogeneous in the temporal replicates. Only ST comparisons involving any Atlantic Ocean population, and either the Indian or the PaciWc Ocean populations were statistically signiWcant (Table 4) . Interestingly, only pairwise ST comparisons of Clade I between Guinea and the Indian or PaciWc Ocean populations showed signiWcant values when the analyses were performed considering phylogroups independently (Table  5) . Genetic diVerentiation among populations was further tested using the nearest-neighbour statistic. The test was signiWcant (p < 0.05) for the entire set (S nn D 0.265) but not for Clade I (S nn D 0.320) and Clade II (S nn D 0.209).
Demographic patterns
The parameters of the expansion model and the Harpending's raggedness indexes for the entire mitochondrial control region data set, and the phylogroups are shown in Table 6 . The mismatch distribution including both clades was bimodal (Fig. 3) , with one mode corresponding to the number of diVerences within the clades, and the other to diVerences between the two clades. The separate analysis of Clades I and II yielded in both cases a unimodal distribution, not signiWcantly diVerent (as measure by the sum of squared deviation; p > 0.05) from that predicted by the growth expansion model. The Harpending's raggedness indexes were low indicating a signiWcant Wt of the observed and expected distributions, and therefore further evidence of population expansion (Harpending, 1994) . The mismatch analyses allowed the estimation of eVective female population size, and time and rate of expansion (Harpending, 1994) . Estimated eVective female population size after expansion ( 1 ) was about 3700 and 50 times higher than before expansion ( 0 ) for Clades I and II, respectively. Estimated values were very similar and had overlapping 95% conWdence intervals (not shown) Fig. 1 . Neighbor-joining tree of bigeye tuna mitochondrial control region sequences reconstructed using GTR+I+ distances. The geographic origin of each haplotype is shown. Bootstrap values after 1000 replicates are shown above nodes.
indicating that population expansion in both clades may date back to about the same historical period. Reported mutation rates for the mitochondrial region may vary between 1.1 £ 10 ¡7 (McMillan and Palumbi, 1997 ) and 3.6 £ 10 ¡8 (Donaldson and Wilson, 1999) per site per year. Bigeye tuna mature during their third year of life Table 2 Descriptive statistics of T. obesus phylogroups based on mitochondrial control region sequence data. Clade I (Wrst value) and II (second value) a a n, sample size; S, number of polymorphic sites; H d , gene diversity (Nei, 1987) ; k, mean pairwise nucleotide diVerences (Tajima, 1983) ; and , nucleotide diversity (Nei, 1987) . (Calkins, 1980) . Hence, the estimated times since population growth for Clades I and II are 0.43-1.33 £ 10 6 and 0.32-1.00 £ 10 6 years before present, respectively. Additionally, Fu's F s statistic indicated a signiWcant deviation from neutrality (excess of low-frequency haplotypes) in Clades I and II, as may be expected when a population is under selection or expanding. The more conservative Tajima's test indicated signiWcant deviation from neutrality only for Clade I.
Coalescence methods were applied to the entire mitochondrial control region data set to infer migration rates and eVective female population sizes (Table 7 ). All populations showed similar female population sizes (as inferred from theta values in Table 7 ) between 0.5 and 5.8 £ 10 6 individuals. There is little migration between the Atlantic and Indo-PaciWc Oceans. Within the Atlantic Ocean, migrants move from the diVerent populations towards the Gulf Guinea. High levels of migration are detected between the Indian and PaciWc Oceans. Coalescence theory requires large sampling sizes to obtain an accurate estimate of migration rates and eVective populations sizes. Hence, no analyses were performed based on Clades I and II, independently.
Discussion
Several recent studies focused on tunas and related scombroid species (Alvarado Bremer et al., 2005; Carlsson et al., 2004; Jackson et al., 2001; Viñas et al., 2004a,b) reveal that large marine pelagic Wshes show signiWcant genetic structuring, which may eventually accelerate collapse of stocks if not properly taken into account by Wshery management policies. Atlantic bigeye tuna is managed as a single stock (Alvarado Bremer et al., 1998) . Given the migratory behavior of this species, however, up to three regions are tentatively considered in stock assessment studies (Miyabe et al., 2005) , and the existence of genetic structure within the Atlantic Ocean still needs to be tested. Following previous evidence that suggested inter-oceanic genetic diVerentiation among bigeye tuna populations, and the existence of a clade restricted to the Atlantic Ocean (Alvarado Bremer et al., 1998), we performed a comprehensive survey of bigeye tuna in northern (Canada), central (Azores, Canary Islands), and southern Atlantic (Guinea) Ocean. One population from the eastern Indian Ocean and one from the western PaciWc Ocean were also sampled. The new sequence data was analyzed with appropriate phylogenetic and population genetic methods, and taking into consideration the coexistence of two divergent mitochondrial clades in the Atlantic Ocean.
Genetic structure of bigeye tuna within the Atlantic Ocean
The nucleotide sequence of the 5Ј-end of the mitochondrial control region showed high levels of variation with about 20% segregating sites. Overall ( D 0.039-0.063) and Table 5 Matrix of pairwise ST (below diagonal) and associated p (above diagonal) values among T. obesus phylogroups (Clades I and II) based on mitochondrial control region sequence data ¤ SigniWcant values at p < 0.01 (after Bonferroni correction). per clade ( D 0.028-0.039) nucleotide diversities were within the range reported for other tuna species (Viñas et al., 2004a) . Haplotypic diversity was also high with the majority of haplotypes sampled only once, a typical pattern of scombroid Wsh (e.g., Zardoya et al., 2004) . mostly on RFLP data. Mitochondrial control region sequence divergence between Clades I and II of bigeye tuna (7%) is similar to that reported between clades for Atlantic bonito (8.1%) (Viñas et al., 2004a) . AMOVA tests and pairwise ST comparisons are consistent with a single stock of bigeye tuna in the Atlantic Ocean, given that the existence of two mitochondrial clades is considered. The null hypothesis of genetic homogeneity among Atlantic populations of bigeye tuna is supported both for Clades I and II. Moreover, both clades do not show any phylogeographic structure within the Atlantic Ocean. Their proportion is homogeneous among northern, central, and southern Atlantic Ocean populations, as well as stable over time. However, coalescent inference of migration rates showed a net dispersal of individuals towards the Gulf of Guinea, which may likely be associated with spawning behavior. This result conWrms tagging and catch data (Fonteneau et al., 2005) . Hence, our results provide genetic support for the current Wshery managing policy of the ICCAT for this species (Alvarado Bremer et al., 1998) .
Phylogeography and historical demography of bigeye tuna across the Cape of Good Hope
Phylogenetic analyses based on the new mitochondrial control region sequence data conWrm that Clade I is found in all oceans whereas Clade II is mostly restricted to the Atlantic ocean (but see Appleyard et al., 2002 that reported a few individuals of Clade II in Madagascar and Seychelles). The presence of two highly divergent mitochondrial DNA lineages has been also described in Atlantic bonito (Viñas et al., 2004a) , and several billWshes (Scombroidei: Xiphiidae) such as blue marlin (Buonnacorsi et al., 2001) , sailWsh (Graves and McDowell, 2003) , and swordWsh (Alvarado Bremer et al., 2005; Buonnacorsi et al., 2001; Graves and McDowell, 2003) . The Atlantic bonito exhibits two sympatric clades in the Mediterranean Sea (Viñas et al., 2004a) whereas billWshes (Alvarado Bremer et al., 2005; Buonnacorsi et al., 2001; Graves and McDowell, 2003) and bigeye tuna (Alvarado Bremer et al., 1998 ; present study) have two sympatric clades in the Atlantic Ocean. The observed genetic mitochondrial discontinuities may have originated by common vicariant events resulting from a general lowering of the temperature of the water that produced reduction of tropical marine habitats, and isolation of populations during Pleistocene glacial maxima (Alvarado Bremer et al., 1998 Graves and McDowell, 2003; Viñas et al., 2004a) . In the case of the Atlantic bonito, the Mediterranean population was likely isolated from the Atlantic Ocean whereas in billWshes and bigeye tuna gene Xow was prevented around the Cape of Good Hope, separating Atlantic from Indo-PaciWc populations. Secondary contact during inter-glacial periods by unidirectional gene Xow of formerly allopatric populations would result in the contemporary asymmetrical distribution of the clades (Alvarado Bremer et al., 2005; Peeters et al., 2004) .
The evidence of present dispersal (and thus, gene Xow) across the Cape of Good Hope is elusive. Tagging data suggests that individuals of bigeye tuna from the Indian Ocean seasonally cross to the Atlantic Ocean using the Agulhas current, and later return back to the Indian Ocean (Alvarado Bremer et al., 2005; Chow et al., 2000) . In agreement, AMOVA tests, pairwise ST comparisons, and the S nn statistic reject the null hypothesis of a global panmictic population of bigeye tuna. However, genetic heterogeneity was not statistically signiWcant when the analyses were performed taking into account phylogroups independently. Therefore, we can conclude that the genetic diVerentiation detected by population genetic analyses is due to phylogenetic signal rather than to absence of present gene Xow. Moreover, our results are consistent with panmixia within Clade I. This result may imply contemporary unrestricted gene Xow across the Cape of Good Hope for members of the ubiquitous clade, as similarly suggested for blue marlin (Buonnacorsi et al., 2001 ). According to our results, some of the specimens that reach the Atlantic Ocean coming from the Indian Ocean may not return allowing genetic continuity within Clade I. Alternatively, the Cape of Good Hope may be indeed an eVective barrier to gene Xow at present, and the observed genetic homogeneity of Clade I between oceans would indicate that there has not been enough time since the last glacial maximum (18-21,000 years ago) to allow genetic diVerentiation at the mitochondrial level. This latter hypothesis is, however, less likely because of the enhanced eVect of genetic drift on mitochondrial DNA due to its lower eVective population size (Buonnacorsi et al., 2001 ). On the other hand, the general absence of Clade II individuals in the Indo-PaciWc (but see Appleyard et al., 2002) suggests that the boundary region between the Atlantic and Indian Oceans is an eVective barrier at least for bigeye tuna Clade II specimens. The great eVort of (Fu, 1997; Harpending, 1994) . The dating of the expansions based on estimated values conWrms the Pleistocene origin of both clades in connection with eustatic changes in sea level and lowering of the temperatures. Interestingly, mismatch analyses suggest that eVective population growth was approximately 75 times higher for Clade I than for Clade II. This extremely diVerent expansion rates may have also contributed to the asymmetrical distribution patterns of Clade I (inter-oceanic) and Clade II (restricted to the Atlantic Ocean).
At present, Wshery global management of bigeye tuna assumes, based on biological data (Pallares et al., 1998) , that each ocean basin should be considered an independent management unit. The existence of signiWcant genetic structure between the Atlantic Ocean and the Indo-PaciWc Ocean (based on ST comparisons), as well as the lack of genetic diVerentiation found within the Atlantic (this paper), the Indian (Appleyard et al., 2002) , and the PaciWc (Grewe and Hampton, 1998) Oceans is consistent with such policy. However, bigeye tuna Wshery managers currently neglect the existence of a mitochondrial phylogroup (namely Clade II) that is restricted to the Atlantic Ocean, and that occurs in sympatry with a more ubiquitous inter-oceanic clade (namely Clade I). Although, bigeye tuna abundance is above the biomass estimated for maximum sustainable yield (100,000 tons; Fonteneau et al., 2005) , and Clade II is well represented and temporally stable in the diVerent collection sites, it would be worthy to monitor the evolution in number of individuals of Clade II over the years. It will be also important to gather further biological data to determine whether Clade II individuals have diVerential spawning areas or recruitment. The loss of Clade II may not be in the near future a potential problem for bigeye tuna Wsheries, but would certainly mean reducing the genetic diversity of the species, which could ultimately lead to a decrease in Wtness and a reduction on adaptive capacity.
The presence of two co-occurring mitochondrial clades of bigeye tuna in the Atlantic Ocean needs to be contrasted with nuclear markers (e.g., microsatellites). Mitochondrial and nuclear evidence may be highly congruent (i.e., individuals within a clade mate selectively, and clades may represent two sympatric sibling species) or dissimilar (i.e., clades would represent ancient polymorphism). For instance, a recent study (Buonnacorsi et al., 2001 ) compared mitochondrial and nuclear patterns of Atlantic and PaciWc blue marlins. The presence of a large cluster of alleles almost exclusively in Atlantic individuals at one microsatellite locus conWrmed that mitochondrial clade distribution was the result of Pleistocene vicariance (Buonnacorsi et al., 2001) , and that if gene Xows occurs, it is likely to be unidirectional from the PaciWc Ocean to the Atlantic Ocean. Interestingly, this study also showed that distinct F ST distributions are expected from mitochondrial and nuclear markers due to diVerences in genetic drift, and mutation rate.
After this manuscript was submitted, Durand et al. (2005) reported a study of bigeye tuna centered on samples in the contact zone of Clades I and II oV southern Africa, which used both mitochondrial and nuclear markers. Allele-frequency diVerences at one nuclear intronic locus and one microsatellite locus between Atlantic and Indo-PaciWc collections seemed to conWrm the vicariant origin of mitochondrial clades during the colder Pleistocene periods, and rejected the hypothesis that the two mitochondrial clades may represent two diVerent species (Durand et al., 2005) .
